A b s t r a c t. Water vapour/nitrogen adsorption were investigated and calculated the specific surface areas of arcticzone soil samples (Turbic Cryosols) originating from different micro-relief forms (mud boils, cell forms and sorted circles) and from different depths. For the characterisation of the isotherms obtained for arctic soils, the Brunauer-Emmet-Teller model was then compared with the two other models (Aranovich-Donohue and Guggenheim-Anderson-de Boer) which were developed from Brunauer-Emmet-Teller. Specific surface area was calculated using the Brunauer-Emmet-Teller model at p p 0 -1 range of 0.05-0.35 for the water vapour desorption and nitrogen adsorption isotherms. The values of total specific surface area were the highest in Cryosols on mud boils, lower on cell forms, and the lowest on sorted circles. Such tendency was observed for the results obtained by both the water vapour and nitrogen adsorption.The differences in the values of specific surface area at two investigated layers were small. High determination coefficients were obtained for relationships between the specific surface areas and contents of clay and silt fraction in Cryosols. No statistically significant correlation between the total carbon amount and the values of specific surface area in Cryosols has been found.
INTRODUCTION
Soil formation processes are long-lasting and depend on many factors, the main being climate and humidity. Humidity conditions in soils exert a decisive influence on the thermal and mechanical properties which shape the temperature in the soil profile (Kutilek and Nielsen, 2010; Lal and Shukla, 2004) . Due to global warming, especially in this region, conditions have been very good recently for the notation of the first stages of soil formation in the polar zone. Climate change began to be noticed around the mid-19th century, and collected data shows that temperature rises are very small in the equatorial regions and increase with latitudes, both north and south. For example, in Central Europe, the average temperature increased by 1.1-1.3 o C, whereas within the Arctic Circle, at latitudes ranging from 70 to 90 o , the average rise was 2.1 o C between 1880 and 2004 (Kutilek and Nielsen, 2015; Trenberth et al., 2007; Ziaja, 2004) . One of such places is Svalbard Archipelago and its largest island, Spitsbergen. This arctic island is characterised by a mild climate, since it is influenced by the Gulf Stream. The average temperature in July is 5 o C, whereas in January and February, the temperature ranges between -8 and -16 o C. Annual precipitation is about 400 mm. The recent rise in air temperature is the reason for the sudden thawing of glaciers and the extensive exposure of the terrain underneath. The various cryogenic processes in these places, i.e. frost segregation, swelling, freezing and cracking, formed various micro-relief surface forms (Klimowicz et al., 2013) . The next step in the development of the polar terrain is the formation of the initial soils called Cryosols.
Spitsbergen Island is a place of extensive climate change research (Angiel, 1994; Bockheim, 1980; Tedrow, 1977; Washburn, 1980) . The static and dynamic water characteristics of the arctic initial soils of Spitsbergen were determined by Melke et al. (2013) and Witkowska-Walczak et al. (2014) . Another property of soil which seems to be very important in terms of characteristics is specific surface area (Dziadowiec et al., 1994; Stanich, 2013; Szymański et al., 2013; Walker, 2012) . Many researchers have attempted to measure surface area as a means of better describing the investigated soil material, or gaining a better understanding of a particular process or reaction.
There is a significant relationship between surface area and the various chemical and physical properties of particular soils (Petersen et al., 1996; Sokołowska et al., 2004) . For mineral soils, for example, there exists a linear relationship between specific surface area and the content of particular granulometric fractions, the cation exchange capacity and the organic carbon content (Ding Fei et al., 2013; Skic et al., 2016 Sokołowska, 2011 Sokołowska et al., 2009; Xiaojun Zhu et al., 2014) . The specific surface area of a soil is the combined surface area of all the particles in the sample, as determined by the employed experimental technique, per unit mass of the sample. As its definition implies, the term 'specific surface area' is an operational concept.
The aim of this paper was to characterise the process of water vapour adsorption on the surface of arctic soils by using different models, as well as to discuss the relationship between the estimated specific surface area and other physical properties of soils which were formed in various micro-relief conditions.
MATERIAL AND METHODS
The area of research covers the NW part of the Wedel Jarlsberg Land, Spitsbergen (77°26', 77°35'N and 13°55', 14°54'E) (Klimowicz et al., 2013) . Specific surface area was determined for the soils formed on three characteristic micro-relief surface forms, i.e.: -mud boils, circular and inconsiderable raised forms with a diameter of 50 to 70 cm, -cell forms, flat 4-6th-wall polygons with a diameter of 50 to 100 cm, -sorted circles, very expressive forms with a diameter of 100 to 300 cm. Soil pits were made and profiles were described according to the WRB classification system (Jahn et al., 2006) . The investigated soil profiles represented the following groups according to the WRB (IUSS Working Group WRB, 2007):
-Turbic Cryosols (Siltic, Skeletic) in mud boils, -Turbic Cryosols (Siltic, Skeletic) in cell forms, -Turbic Cryosols (Skeletic) in sorted circles.
The samples were taken from 0-5 cm and 10-15 cm depth of soil. The basic properties of the investigated soil materials (Table 1) were measured using standard methods, i.e. grain composition was determined using the laser diffraction method (Ryżak and Bieganowski, 2013) , organic carbon (C org. ) -using the oxidation method developed by Tiurin, and total carbon content (C total ) was determined using the TOC Jena apparatus on the Multi NC2000 carbon analyser (Analytik Jena, module for liquid samples, platinum catalyser, furnace temperature 800°C). Concentrations were calculated automatically on the basis of an 8-point calibration curve. The results were averaged. The calibration standards were prepared on the basis of a concentrated solution of potassium hydrogen phthalate.
The adsorption-desorption isotherms of water vapour in p p 0 -1 ranging from 0.00 to 0.95 were determined according to the Polish standard (PN-Z-19010-1, 1999) . Experiments were carried out in triplicate at a temperature of 20.0 ± 0.5 o C. The variation in replicated data did not exceed ±5% at the lowest vapour pressure and ±1% at the highest vapour pressure. The averaged values were used to perform further calculations and to prepare the figures. The Brunauer-Emmet-Teller (BET) (Brunauer et al., 1938) , Aranovich and Guggenheim-Anderson-de Boer (GAB) (Anderson, 1946; Van den Berg, 1984 ) models were used for the description of the water vapour adsorptiondesorption processes (Table 2 ). The matching of the models to the experimental data was defined by the values of determination coefficient (R 2 ) and root mean squared error (RMS).
The adsorption isotherms of nitrogen at 80 K were obtained using a Sorptomatic 1999, made by Fisons apparatus. Before adsorption measurement, the samples were dried at 105ºC and outgassed. Measurements for each sample were replicated three times. The estimated precision of all the measurements was better than 0.5%, and the greatest errors were observed at the highest relative pressures. The specific surface area (S) of the investigated soils was calculated using the BET model (Brunauer et al., 1938) at p p 0 -1 ranged from 0.05 to 0.35 (Gregg and Sing, 1978) for H 2 O desorption (S H 2 O ) and N 2 adsorption (S N 2 ) isotherms. The following relationship was used:
where: L is the Avogadro number (6.02 10 23 molecules per mole), M is the molecular mass of water or nitrogen (in gram per mole), and ω is the molecule cross-sectional area (10.8 10 -20 m 2 for H 2 O and 16.4 10 -20 m 2 for N 2 ). The total specific surface area (S total ) was obtained from the relationship (PN-Z-19010-1, 1999) :
(2)
The calculations and statistical analysis were done using MS Office Excel 2013.
RESULTS AND DISCUSSION
The adsorption of water vapour and nitrogen in arctic soils as a function of the relative pressure of the applied gas is shown in Fig. 1 . For both H 2 O and N 2 adsorption, the amount of adsorbate, which was immobilised by solid phase at a given p p 0 -1 , was the highest for Cryosols from mud boils, and the lowest for those from sorted circles. Adsorption was slightly higher for Cryosols from cell forms than for those from sorted circles, but this was more clearly visible for H 2 O adsorption than for N 2 adsorption. Moreover, adsorption varied according to the depth from which the samples were collected. In the case of water vapour, adsorption on mud boils was higher for samples taken from 10-15 cm than for samples collected from 0-5 cm. For cell forms, a reverse relationship was found, and no differences were observed for sorted circles. The nitrogen adsorption for all micro-relief forms was higher on samples collected from 10-15 cm than on samples taken from 0-5 cm.
The sigmoid shape of water vapour adsorption and desorption isotherms reflects type II physisorption according to the IUPAC classification (Sing et al., 1985) . This kind of isotherm is usually well described by the BET equation (Brunauer et al., 1938) . However, we proposed to check the applicability of two other models, which were derived from BET, for the characterisation of isotherms obtained for arctic soils. The BET theory describes a multi-layer physical adsorption. The molecules of adsorbate occupy well-defined sites on the adsorbent surface (one per molecule). After the creation of the first monolayer of adsorbate, the next one is built on it, but there are no interactions between the individual adsorption layers. Each layer can be described by the Langmuir theory. The number of layers of the adsorbate molecules tends to infinity at a pressure close to the saturation state. The BET model is bi-parametric, with N m reflecting the monolayer capacity and C -an energy constant relating to the difference between the free enthalpy of the adsorbate molecules in the pure liquid state and in the first adsorbed layer (Brunauer et al., 1938) . The Guggenheim-Anderson-de Boer (GAB) model of multilayer adsorption introduces an additional constant (K). In this model, the layers of adsorbate above the first monolayer are the same, but different from the pure liquid state. The added K constant reflects the difference between the free enthalpy of the adsorbate molecules in the pure liquid state and in the layers above the monolayer. In the case of K being equal to 1, the GAB model is reduced to BET (Anderson, 1946; Van den Berg, 1984 ). The Aranovich model of adsorption, with respect to the BET model, considers the formation of vacancies in the adsorption layer (Aranovich and Donohue, 1995) . The values of the parameters of adsorption models which were calculated for the analysed arctic soils are summarised in Tables 2 and 3 .
At p p 0 -1 ranging from 0.05 to 0.35, all the models characterised water vapour adsorption on the surface of the analysed soils very well (Table 3) . Moreover, RMS-error values were low. These were 1.30-5.86% for BET, 0.62-5.78% for Aranovich and 1.35-7.69% for GAB models.
T a b l e 2. Formulas used to describe adsorption isotherms

Model Equation
BET (Brunauer et al., 1938) 
Aranovich (Aranovich, 1991; Aranovich and Donohue, 1995) 
GAB (Anderson, 1946; van den Berg, 1984 )
; N m -monolayer capacity (g g -1 ); p -equilibrium pressure of adsorbate; p 0 -saturation pressure of adsorbate; C, α, β, γ, k -constants.
At the same time, R 2 values were close to 1.000. These were equal to 0.962-0.998 for BET, 0.966-0.998 for Aranovich and 0.965-0.999 for GAB. The high values of C which were obtained for the applied models confirmed type II water vapour sorption isotherms. However, the BET equation described the isotherms at p p 0 -1 < 0.6 well. In the case of a wider range of the relative pressure (0.05-0.86), the RMS error increased to 25.35-46.96% at R 2 values of 0.911-0.933 (Table 4 ). Other models (Aranovich and GAB) performed better in these conditions. For the Aranovich equation, the RMS errors were 3.09-6.53% and R 2 values were 0.9863-0.9960, whereas for the GAB model, RMS were 1.14-4.13% and R 2 were 0.994-0.999. This confirmed the broad applicability of the tested models for the description of water vapour adsorption, as provided in the literature (Aranovich and Donohue, 1995; Timmermann, 2003) .
For all samples, the monolayer capacity obtained on the basis of desorption was higher than for the adsorption process. Additionally, its values generally changed in the following order: N m Aranovich > N m GAB > N m BET . The constant C values changed in a reverse order. Similar results were reported by Timmermann (2003) in a comparison of the BET and GAB models. In regard to the type of the analysed material, the monolayer capacity increased in the following order: sorted circles < cell forms < mud boils. For mud boils, the monolayer capacity increased with the increasing depth of the soil profile. For cell forms, there was a reverse relationship, whereas for sorted circles, the depth did not influence the values of this parameter.
The monolayer capacities, which were obtained on the basis of the BET equation at p p 0 -1 desorption isotherms ranging from 0.05 to 0.35 (both H 2 O and N 2 ), were used for the calculation of specific surface area (Sing et al., 1985) . The results are presented in Fig. 2 . The specific surface area which was obtained from nitrogen desorption was significantly lower when compared to the specific surface area calculated from water vapour desorption, and when compared to total surface area. It should be noted that water desorption is used to determine 'the internal surface' of soil samples, whereas 'the external surface' is determined based on nitrogen desorption. The highest values of total specific surface area were obtained for mud boils. Lower values were found for cell forms and the lowest for sorted circles. In the case of mud boils and sorted circles, the profile depth did not substantially modify the value of total specific surface area, whereas the S total of cell forms decreased with an increase in the profile depth.
The investigated soil samples were pre-characterised in terms of their grain size distribution. The correlation between the clay and silt contents in the investigated arctic soils and the calculated total specific surface area is presented in Fig. 3 . As seen, total specific surface area increased significantly with an increase in the content of both clay and silt fractions. However, a higher determination coefficient was obtained for the correlation with the amount of the fraction of smallest particles. It is known that organic matter influences the specific surface area of soil (Ding Fei et al., 2013; Skic et al., 2016; Sokołowska et al., 2009; Xiaojun Zhu et al., 2014) . However, the effect of soil organic matter on specific surface area is generally not unambiguous (Sokołowska et al., 2009; Xiaojun Zhu et al., 2014) . Since specific surface area includes inner and external surface areas, and the sum of both is total surface area, this notion is mainly affected by clay mineral content. Moreover, external surface area is positively correlated with TOC (total organic carbon) in soils and sediments. Indeed, a positive correlation has also been found between total surface area and TOC in black shale and continental margin sediments, while a negative correlation between TOC and external surface area was observed in mudstones (Sokołowska et al., 2004) . In arctic soils, a positive correlation is found between clay (R 2 = 0.935) and silt (0.797) content and specific surface area; however, no correlation between the total carbon amount and the values of specific surface area has been found. The results of our study are presented in Fig. 4 . A trend can be seen in that total specific surface area decreases as the content of carbon increases. However, this relationship was not statistically significant. The amount of organic carbon in the investigated soils increased with an increase in the depth, but this did not depend on the content of clay (R 2 =0.014), silt (R 2 =0.013) and sand (R 2 =0.014) fractions. Furthermore, the content of organic carbon did not modify the value of total specific surface area (R 2 =0.0008). Indeed, the total amount of carbon in samples decreased with an increase in the content of clay (R 2 =0.305) and silt 
